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Abstract
Although genetic diversity is one of the key components of biodiversity, its drivers are still
not fully understood. While it is known that genetic diversity is affected both by environmen-
tal parameters as well as habitat history, these factors are not often tested together. There-
fore, we analyzed 14 microsatellite loci in Abax parallelepipedus, a flightless, forest dwelling
ground beetle, from 88 plots in two study regions in Germany. We modeled the effects of
historical and environmental variables on allelic richness, and found for one of the regions,
the Schorfheide-Chorin, a significant effect of the depth of the litter layer, which is a main
component of habitat quality, and of the sampling effort, which serves as an inverse proxy
for local population size. For the other region, the Schwäbische Alb, none of the potential
drivers showed a significant effect on allelic richness. We conclude that the genetic diversity
in our study species is being driven by current local population sizes via environmental vari-
ables and not by historical processes in the studied regions. This is also supported by lack
of genetic differentiation between local populations sampled from ancient and from recent
woodlands. We suggest that the potential effects of former fragmentation and recolonization
processes have been mitigated by the large and stable local populations of Abax parallele-
pipedus in combination with the proximity of the ancient and recent woodlands in the stud-
ied landscapes.
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Introduction
Today, one of the main goals of nature conservation is to maintain biodiversity. This is becom-
ing ever more crucial given the current biodiversity crisis, which is being fuelled by the rapid
changes in climate and in land use. Genetic diversity is an essential component of biodiversity,
and while much work has been done on species diversity [1–3], fewer studies focus on the
genetic level and its drivers. Genetic diversity is considered crucial for species' survival [4–6] as
it serves as the basis for short-term and long-term processes of evolution and adaptation, allow-
ing species to cope with changes such as those in climate and land use [7,8]. In addition, genetic
diversity has been shown to enhance population fitness [9,10], to enhance resistance to para-
sites [11], and to stabilize population dynamics [4,5].
Previous studies have uncovered a complex network of factors that drive genetic structure,
in the sense of genetic diversity together with genetic differentiation, including landscape
parameters [12,13], population history and size [13,14], habitat history [15,16], and environ-
mental drivers such as temperature [14]. These factors affect genetic structure either directly
via selection, or more often indirectly via population sizes and gene flow, and can cause
changes both in genetic diversity within groups of individuals, and in genetic differentiation
between such groups. Variations in the landscape, in population size and structure, and in the
environment can be thought of in essence as changes in habitat stability and in habitat suitabil-
ity across time and space. More suitable habitats usually have larger populations which are less
affected by genetic drift. Populations in more stable habitats have experienced less founder
effects and bottlenecks, and have also had more time to accumulate alleles due to migration
and possibly to mutation. In addition, large scale genetic patterns may exist as a result of long-
term processes such as post-glacial recolonization [17].
A common study focus is the effect of habitat continuity and other historical factors on
genetic structure, especially in the context of ancient and recent woodlands in Central and
Western Europe or in North America (e.g. [13,16,18,19]. In these regions, ancient woodlands
are defined as areas that have been wooded continuously since the earliest accurate, compre-
hensive maps of the area are available, in the case of Europe usually around 200–400 years ago.
This is approximately the same time frame when peak fragmentation of the forests is thought
to have occurred [20]. Although Central Europe is naturally covered by woodlands, most of the
contemporary ones are consequences of afforestation or of natural succession that occurred on
cleared or managed sites that were then subsequently abandoned. These changes can often be
identified using chronological sequences of historical maps, and such woodlands are known as
recent woodlands [21,22].
While studying ancient and recent woodlands sheds light on long-term historical processes,
an additional way to look at habitat continuity in forests is to examine stand age, which reflects
a short-term definition of site history. Stand age refers to the age of the current trees, regardless
of which habitat was there previously. Studies of the effects of habitat continuity on genetic
diversity tend to find higher diversity in the ancient woodlands than recent ones [16,23–25],
and older stands tend to be more genetically diverse than younger stands [15,26]. In either
case, the higher genetic diversity in the longer-term habitats is explained by the habitat stability
and the greater resulting suitability for many woodland species.
Woodlands that were clear cut and then replanted immediately may still be considered
ancient woodlands, although clear cutting can strongly alter biotic and abiotic properties of a
woodland such as light availability, microclimate, and habitat structure (e.g. [27,28]). The litter
and soil layers, which serve as the main habitat for many ground beetles and their prey, are also
sharply affected by clear cuts. These changes can include amongst others, changes in layer
thicknesses, chemical composition, and structure (e.g. [29–32]).
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Although both environmental (e.g. [14,33,34]) and historical variables have been shown to
affect genetic diversity (e.g. [16,18,35]), few studies examine their effects jointly. This is espe-
cially surprising as many environmental variables, especially those connected to soil, may have
complex relationships with genetic diversity as they reflect the history of a site as well as affect-
ing current population sizes [30,36]. Additionally, most studies have concentrated on rare spe-
cies or on very fragmented habitats where, unsurprisingly due to the higher probability of
stochastic effects, strong genetic effects have been found (e.g. [18,19,23,24]). Much less is
known about the drivers of genetic diversity in more common species in woodland habitats
that contain patches of varying ages and sizes, although this is a widespread landscape structure
both in Europe and in parts of North America. Therefore, it is not known if habitat history is
expected to shape the genetic structure of typical woodland species in these landscapes.
Abax parallelepipedus (Piller & Mitterpacher, 1783), a flightless, forest-dwelling ground bee-
tle [37], is a widespread species in Central European woodlands and is an interesting test case
in the context of the study of genetic diversity drivers (S2 Fig). On the one hand it is known
that fragmentation can cause extremely rapid, significant changes in the genetic structure of
this species [38] and it is both flightless as well as restricted to wooded habitats. On the other
hand it can reach high, stable population densities of approximately 0.23 individuals/m2 [39]
during the main activity period even in small habitat patches [38,40], which is expected to sta-
bilize genetic structure.
We examined the possible effects of both historical and current parameters on genetic diver-
sity in Abax parallelepipedus. The study was carried out in two regions in Germany, in the
Schorfheide-Chorin and in the Schwäbische Alb, which both have a mosaic of varied land uses
and are fragmented but not overly so. Our study sites, part of the Biodiversity Exploratories
research platform, represent a wide range of the environmental conditions and land uses pres-
ent in each region [41]. We analyzed a set of 14 microsatellite loci in 24 individuals each from
88 plots that are located in a mosaic of ancient and recent woodlands with varying stand ages
in both regions. We addressed the following main questions: (i) What are the drivers of genetic
diversity in Abax parallelepipedus? (ii) Is there significant genetic differentiation between local
populations found in ancient and recent woodlands? (iii) Does land use intensity affect genetic
diversity due to expected changes in local population sizes?
Methods
Study area and plot selection
In the springs and summers of 2011–2012 we sampled Abax parallelepipedus from the Schwä-
bische Alb (southwestern Germany; n = 46) and the Schorfheide-Chorin (northeastern Ger-
many; n = 42) in the 100 m x 100 m forest plots of the "Biodiversity Exploratories" (Fig 1A).
The forest plots in each region represent the forest types commonly found in the regions, and
include both unmanaged forests and age class forests. Age class forests result from clear cuts,
usually small scale ones, or from shelterwood logging in which trees are removed in two
rounds. In the first cut of shelterwood logging, most of the stand is cleared leaving some trees
standing to shelter seedlings. These remaining trees are then cut in a second round after the
young trees have created a canopy layer. Stands of European beech (Fagus sylvatica), peduncu-
lated and sessile oak (Quercus robur and Q. petraea), and Scots pine (Pinus sylvestris) are found
in the Schorfheide-Chorin, while the Schwäbische Alb is dominated by stands of European
beech and Norway spruce (Picea abies). Some of the stands are monodominant while others
are mixed stands.
The plots were selected in a two stage process ensuring that the plots represent the gradient
of forestry management practices, their intensities, and soil characteristics for the most
Genetic Variability of a Flightless Ground Beetle
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Fig 1. Map of research sites. (a) Location of study regions in Germany. Distribution of plots in woodlands
(grey areas) in the Schorfheide-Chorin (b) and in the Schwäbische Alb (c). Woodlands defined as per the
Corine Land Cover 2006 dataset [42]. Open boxes are plots located in recent woodlands, closed boxes are
Genetic Variability of a Flightless Ground Beetle
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common soil types in the given region (see S2 Table and [41]). First, 500 potential plots that
reflect the common forest types were selected for each region. Then 50 plots were selected in
each region from the pools using stratified random sampling. The plots are randomly distrib-
uted within the regions (Fig 1B and 1C, for plot numbers see S1 Fig), are located at least 200 m
from another plot and at least 100 m from the nearest forest edge. The large number of plots
per region allow for a thorough representation of environmental parameters found in each
region. For more details on plot selection, see Fischer et al. [41].
Study species
The flightless ground beetle Abax parallelepipedus is strictly limited to forests, and inhabits the
litter layer [37,44,45]. The species is known to have large, stable populations [39,46,47] and is
known to prefer ancient woodlands in some regions, such as the lowlands of northwestern Ger-
many and Belgium [48,49]. The species is considered a forest generalist and can be found in
large numbers in both conifer and broadleaf forests of varying ages, including conifer planta-
tions [50–54]. Its dispersal power was found to be low, moving on average between 0.6 m and
2.3 m per night (reviewed in [55]).
Sample collection and microsatellite genotyping
We collected beetles by using ten live pitfall traps per plot baited with red wine on cellulose
during the spring and summer of 2011 (Schwäbische Alb) and of 2012 (Schorfheide-Chorin).
In all plots, the traps were placed in a straight line, 10 m apart along the plot border to ensure
equal sampling area. We gathered all of the Abax parallelepipedus individuals we found in the
traps approximately once a week and rebaited the traps until we had caught 33 individuals in
the plot. We pooled the beetles trapped in all the traps of a plot each collection round and froze
them at-80°C. Field work permits were issued by the responsible state environmental offices of
Baden-Württemberg and of Brandenburg (according to §72 BbgNatSchG).
We extracted DNA using the CTAB extraction protocol [56] from three legs from each of
24 randomly selected beetles for each plot. We genotyped 14 polymorphic microsatellite loci
using an ABI 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). For PCR,
sequencing protocols, and information about the loci see [57].
Deviation from Hardy-Weinberg Equilibrium (HWE) was tested using GENEPOP 4.2 [58]
and no significant deviation was found (percentage of local populations not in HWE: Schwä-
bische Alb = 5.288%, Schorfheide-Chorin = 4.240%). Suspected presence of null alleles was
tested using MICRO-CHECKER 2.2.3 [59] and no null alleles were found. Linkage disequilib-
rium (LD) was checked using FSTAT 2.9.3.2 [60,61]. No significant LD was found. Allelic rich-
ness, the rarefied numbers of alleles as a measure of genetic diversity, was calculated for each
plot using FSTAT 2.9.3.2. The rarefaction was done per local population, with a minimum
sample size of 20 individuals, to account for isolated instances of ineffective PCR reactions.
Overall FST values among local populations, a measure of genetic differentiation, were calcu-
lated for each region using Arlequin 3.5.1.3 [62]. Private alleles, meaning those found in only
one local population, and unique alleles, meaning those found in a specific group of plots either
by region, by ancient or recent woodlands, or by population density, were counted and tallied.
The grouping by local population density was done by grouping plots into percentiles based on
the number of individuals caught in the 2008 killing traps (see S1 Text). Genetic clustering was
located in ancient woodlands. Small dots indicate named towns and villages. Note that the scales of the maps
are different. All maps were created using ArcGIS ver. 10.1 [43].
doi:10.1371/journal.pone.0144217.g001
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tested using the algorithm developed by Pritchard [63] as implemented in STRUCTURE 2.3.4
for each region separately, to ensure that no underlying clustering is affecting the results. In
this analysis we used the admixture model with no use of previous information about sampling
location. Burnin length was 20,000 and there were 100,000 MCMC repeats after burnin. Num-
ber of clusters was run from K = 1 to K = the number of plots+1 for the Schorfheide-Chorin
(K = 43), and for the Schwäbische Alb (K = 47). For the Schwäbische Alb for higher values of
K, the runtime was insufficient to find proper solutions, and therefore a second run of K = 1 to
K = 30 was analyzed (S3B Fig). We used CLUMPAK [64] and HARVESTER [65] to find the
most likely K using the Evanno method [66] and to visualize the results.
Plot characterization
We characterized each plot in terms of variables related to the litter layer, which serves as the
beetle's habitat, in terms of variables that can be related to the land use history of the plot, in
terms of variables that can be related to local population size, and also in terms of variables
related to soil, vegetation, climate, geography, and forest management. To characterize our
plots in terms of general parameters known to affect ground beetles and therefore Abax paralle-
lepipedus (for general overview see [67], with specific references listed for each variable), we
used longitude [68], latitude [69], elevation [70,71], mean annual temperature [71,72], mean
annual precipitation [71], forest management type [53], main tree species [53], number of vas-
cular plant species [51,73], soil type [74], soil pH [75], and the Forest Management Intensity
index (FORMI) ([53], defined in [76]). Depth of the litter layer and ground cover of litter, of
deadwood, and of trees (see [77,78]) were included to characterize the habitat of the beetle and
thus local population sizes. Land use history was characterized by defining each plot as an
ancient or a recent woodland (see below), by stand age, and by the percentage of closed forest
species. The depth of the Oe soil layer, as well as the C/N ratio of the Oi, the Oe, and the A soil
layers and the carbon content of the A layer were also included as they are known to reflect his-
torical land use [32,36]. As local population sizes could not be determined directly, we used
three proxies as estimates. The first proxy is the percentage of forested landscape in the two
kilometers surrounding each plot, the second is the sampling effort needed to collect 33 indi-
viduals in 2011 or 2012, and third is the number of Abax parallelepipedus trapped in killing
traps in 2008 (details found in S1 Text).
Note that sampling effort is expected to be negatively correlated to local population density
as the less dense a local population is, the longer it should take to collect 33 individuals. More
details on all the variables and on their collecting methods can be found in S2 Table and in S1
Text.
Ancient woodlands are defined as areas that appear as covered by trees over the complete
time series of existing sufficiently accurate maps [20,79]. For the Schwäbische Alb, plots were
defined as either ancient or recent based on eight maps dating from 1820 and onwards (S1
Table) (nancient = 31, nrecent = 15). For the Schorfheide-Chorin, plots were defined as either
ancient or recent based on four maps dating from 1767 and onwards (S1 Table) (nancient = 26,
nrecent = 16). Any plot that appears as non-wooded on at least one map was defined as recent
woodland. All others were defined as ancient woodlands. Stand ages were taken from the latest
forestry inventory available [80]. In plots with trees of more than one age class, stand ages were
defined as the age of the older age class (S2 Table).
Statistical analyses
Wemodeled the relationship between plot characteristics, including measures of habitat conti-
nuity as well as environmental parameters, and allelic richness. We started with 27 predictor
Genetic Variability of a Flightless Ground Beetle
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variables (S2 Table). We first tested for collinearity between the predictor variables and
removed the smallest number of variables possible while eliminating all instances where Spear-
man's rho> |0.7| [81], leaving us with 18 predictors (S3 Table). When we could not choose
which variable to eliminate based on maximizing the number of remaining variables, we chose
to retain the one more correlated with allelic richness. We created a general linear model for
each region using allelic richness as a response variable. We modeled the regions separately as
the means and variances of allelic richness are different due to the environmental conditions
and history of the regions. The models were reduced using a backwards step reduction process
based on AICc scores. The models with the lowest AICc scores, and the smallest numbers of
predictors in the case of ΔAICc<2 between two models, were selected (see [82]). The residuals
were checked to ensure that they are normally distributed and the residuals were plotted
against the fitted values to investigate homogeneity of variance. As stand age and the FORMI
index are significantly correlated (Spearman Rank Correlation: rho = -0.700, p<0.001, S3
Table) and we were interested in testing both of these parameters, we ran these models twice,
once using stand age and once using FORMI as a possible explanatory variable.
We tested for spatial autocorrelation using Moran's I both of the allelic richness values
themselves for each region using the APE package [83] and of the residuals of the model using
the ncf package [84] and corrected using Bonferroni's correction for multiple testing. We
examined the effects of long-term habitat continuity on genetic differentiation using two meth-
ods. We first ran an AMOVA in Arlequin 3.5.1.3 [62] for each region separately, grouping the
plots by whether they are located in an ancient or in a recent woodland. We then tested the
effects of stand age, of location in ancient or in recent woodlands, and of the interaction
between them on genetic differentiation using GESTE 2.0 [85]. This program uses hierarchical
Bayesian methods to find population-specific FST values, which are then modeled with the his-
torical variables we provided in a generalized linear model. GESTE was run using default
parameters. If not otherwise stated, all statistical analyses were done using R 3.0.0 [86].
Results
We analyzed 2112 individuals from 88 local populations and found 71 alleles across the 14 loci.
Numbers of alleles (A) per locus ranged from 3–13 alleles with a mean of 5.1 (Table 1). All loci
were polymorphic. For local level population genetics statistics see S4 Table. Mean allelic rich-
ness across all local populations was 1.96 alleles per locus. The allelic richness was not spatially
autocorrelated in either region (Moran's I: Schwäbische Alb p = 0.439, Schorfheide-Chorin
p = 0.535). The sampling effort in the Schorfheide-Chorin in number of days needed to collect
33 individuals (range = 8–80 days, mean = 46±20 days) was higher than that in the Schwä-
bische Alb (range = 5–27 days, mean = 16±7 days) (Wilcoxon rank sum test: W = 200.5,
p<0.001). No evidence of spatial genetic clustering was found for either region as two and
three gene pools were identified for the Schorfheide-Chorin and for the Schwäbische Alb
respectively, which however, were largely admixed within individuals and mixed across most
of the populations (Schwäbische Alb: S3 Fig; Schorfheide-Chorin: S4 Fig; for distribution of
individuals belonging to each cluster see S1 Fig; plot numbers in S3 and S4 Figs refer to map
found in S1 Fig).
There were 24 (34%) alleles that occurred only in the Schwäbische Alb, and four (6%) only
in the Schorfheide-Chorin (Table 1). When the local populations from ancient woodlands and
the recent woodlands were pooled regardless of region, 12 alleles (17%) were found only in
ancient woodlands, and eight alleles (11%) occurred exclusively in recent woodlands. We
found 6 (8%) private alleles, meaning alleles found only in one local population, both for
ancient woodlands and for recent woodlands. For all allele frequencies, see S4 Table. When
Genetic Variability of a Flightless Ground Beetle
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plots were grouped based on the number of Abax parallelepipedus individuals found in the
2008 killing traps, the highest number of private alleles was found in the plots with the lowest
local population density (for details by region see Table 2).
In order to understand the drivers of genetic diversity, we modeled the effects of habitat
continuity and stand age together with an additional 16 habitat, soil, vegetation, and local pop-
ulation variables on allelic richness (S2 Table). For the Schwäbische Alb, the only variable to
remain in the model was the percentage of the two kilometers surrounding each plot that is for-
ested which had a negative effect (Table 3), though the effect on allelic richness was borderline
significant. In the Schorfheide-Chorin region, genetic diversity was positively affected by the
depth of the litter layer (p = 0.018) and by the sampling effort (p = 0.009) (Table 3). We found
no effects of land use history in any of our models, neither of stand age nor of habitat continu-
ity. As stand age fell out of the models in the initial reduction step, replacing stand age with
land use intensity (FORMI index) gave the same results as shown in Table 3. The residuals of
the models showed no spatial autocorrelation (S5 Fig).
The level of overall differentiation in the study species was low, but was lower by an order of
magnitude in the Schwäbische Alb (Schwäbische Alb: FST = 0.005, p = 0.002; Schorfheide-
Chorin: FST = 0.047, p<0.001). The AMOVA grouping local populations collected from
ancient or from recent woodland showed no significant differentiation for either region
(Table 4), although local populations within groups were significantly differentiated. Modelling
the relationship between historical variables and population-specific FST values also did not
find any significant effects, as for both regions the model with the highest posterior probability
was that which contained only a constant.
Discussion
We found no relationship between either long-term or short-term habitat continuity and
genetic diversity in the 88 local populations of Abax parallelepipedus from the Schwäbische Alb
Table 1. Distribution of alleles in recent and ancient woodlands of two regions in Germany. In total 72 alleles were found.
Region Group Total number of alleles* (range per plot) Unique alleles** Private alleles***
Schwäbische Alb All 68 (30–38) 24 9
Ancient woodlands (n = 31) 62 (30–37) 9 5
Recent woodlands (n = 15) 56 (30–38) 5 4
Schorfheide-Chorin All 47 (18–30) 4 3
Ancient woodlands (n = 27) 40 (18–30) 1 1
Recent woodlands (n = 15) 40 (19–29) 3 2
*not rareﬁed
**found in one region only
***found only in a single plot.
doi:10.1371/journal.pone.0144217.t001
Table 2. Number of private alleles in classes of local population density.
Region 0-20th percentile 21st-40th percentile 41st-60th percentile 61st-80th percentile 81st-100th percentile
Schwäbische Alb 7 2 1 0 2
Schorfheide-Chorin 2 1 3 2 1
Both regions 5 1 3 1 2
Categories are based on number of Abax parallelepipedus individuals found previously using killing traps in 2008 (see S1 Text).
doi:10.1371/journal.pone.0144217.t002
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 8 / 18
and from the Schorfheide-Chorin. For the Schwäbische Alb we did not find a significant effect
of any of the 18 variables we tested on genetic diversity. For the Schorfheide-Chorin however,
we found a significant effect of both the depth of the litter layer and required sampling effort,
which serves as a proxy for local population density. We furthermore found no significant dif-
ferentiation between local populations from ancient and recent woodlands in either region.
Landscape history
Based both on the lack of differentiation between the local populations from ancient woodlands
sites as well as on the similar levels of genetic diversity of those from the ancient and the recent
woodlands, we can conclude that genetic structure (in the sense of a combination of genetic
diversity and genetic differentiation) of Abax parallelepipedus sampled in the studied regions
does not reflect historical processes. This strongly suggests the maintenance of relatively stable,
large populations during the peak of fragmentation, as well as lack of founder effects and bot-
tlenecks during recolonization processes. It is also possible that drift effects which may have
occurred, have been mitigated by high levels of subsequent gene flow and recolonization from
several source sites [87].
We found a similar lack of effect of stand age, which implies effective recolonization of
woodlands after clear cuts, although clear cut areas prior to tree regrowth should not be a
Table 3. Variables that remained in the general linear model for each region.
Region Variable or model information Estimate±SE t-statistic p-value
Schwäbische Alb Percentage of surrounding landscape (2 km radius) that is forested -0.377±0.195 -1.938 0.059
Initial/ﬁnal AICc: -9.899/-59.299
Adjusted R2 = 0.056
F(1,44) = 3.756, p = 0.059
Schorfheide-Chorin Depth of Oi layer 0.087±0.035 2.464 0.018
Sampling effort 0.004±0.002 2.732 0.009
Initial/ﬁnal AICc: 59.258/-11.251
Adjusted R2 = 0.253
F(2,39) = 7.949, p = 0.001
Shown for each variable are the model estimates ± SE, t-values, and the p-value of the t-statistic. For each model initial and ﬁnal AICc scores and
adjusted R2 values are presented. See S6 and S7 Figs for genetic diversity plotted against each of the remaining variables as well as against the proxies
of local population size for each of the two regions.
doi:10.1371/journal.pone.0144217.t003
Table 4. Results of AMOVA comparing the genetic differentiation between local populations found in ancient and recent woodlands for each
region.
Schwäbische Alb Schorfheide-Chorin
Sum of
Squares
Variance
component (p-
value)
Percentage
variation
Range of
degrees of
freedom
Sum of
Squares
Variance
component (p-
value)
Percentage
variation
Range of
degrees of
freedom
Among groups 1.322 -0.001
(p = 0.874)
-0.062 1 2.502 <0.001
(p = 0.336)
0.009 1
Among local
populations within
groups
109.428 0.011 (p<0.001) 0.547 44 97.441 0.036 (p<0.001) 4.673 40
Within local
populations
4167.022 1.979
(p = 0.001)
99.515 2098–2110 1420.627 0.741 (p<0.001) 95.318 1902–1920
Total 4277.826 1.989 1520.570 0.778
doi:10.1371/journal.pone.0144217.t004
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suitable habitat for our study species. Abax parallelepipedus is relatively immobile for a ground
beetle of its size [88], nevertheless it still can move efficiently into newly planted woodlands
from adjacent ones, especially as it is not restricted to a specific type of forest [40,50,89,90].
This mobility and forest generalist habitat requirements also explain the lack of effect of land
use intensity. As forest management in Germany today generally consists of very small scale
clear-cuts or of shelterwood forestry, the remaining, neighboring forests or the protective layer
of trees can apparently sustain large enough populations of A. parallelepipedus to maintain
genetic diversity.
Our results highlight, that although it is commonly accepted that ancient woodlands [20]
and less fragmented landscapes are of greater conservation value due to their greater genetic
diversity, this may not be true in all cases. Woodlands must be evaluated in the context of the
overall structure of the surrounding landscape, and not on the basis of their site-based charac-
teristics alone. In our study sites, the proximity of the recent woodlands to the ancient ones,
combined with the relatively large fragment size of the ancient woodlands seems to have
completely mitigated the effects of long-term and short-term changes in land use. Vandepitte
et al. [13] found similar results in a study of the genetic structure of the herb Geum urbanum
L., a species that also disperses fairly rapidly into new woodlands [91]. This study also took
place in an area that contains ancient and recent woodlands in close proximity, so here too
gene flow may be mitigating any historical effects at the genetic level.
Most other studies that found an effect of habitat continuity on genetic diversity, including
the studies of Carabus problematicus Herbst and of C. auronitens Fabricius, sampled extremely
fragmented woodlands (e.g. [23,24,25,92]). In these cases, the genetic traces of the fragmenta-
tion and recolonization processes would likely be stronger, as fewer individuals can migrate to
the newly wooded patches leading greater, unmitigated founder effects and genetic erosion that
persist due to low gene flow.
Population size
Another factor contributing to the stability of the genetic diversity and lack of genetic differen-
tiation is the stability of the population sizes of Abax parallelepipedus [39,46]. As a result, the
likelihood of populations undergoing changes in their genetic structure due to random effects
caused by sudden drops in population size is lower (e.g. [93]). In a linear model we found a sig-
nificant negative relationship between sampling effort and the log-transformed number of
individuals collected in pitfall traps during 2008 (Fig 2; Schwäbische Alb: closed circles, solid
line; Schorfheide-Chorin: open circles, dashed line; methods found in S1 Text). This not only
justifies our use of sampling effort as a proxy for local population size, but also shows the stabil-
ity of the local population sizes between the years as the pitfall trapping and our collecting were
not carried out in the same years.
In the Schorfheide-Chorin we found significant, positive effects of the depth of the litter
layer and of the sampling effort on genetic diversity. We interpret these results as representing
effects of local population density on genetic diversity as sampling effort directly reflects local
population density, while the depth of the litter layer reflects prey availability. Deeper litter lay-
ers contain more earthworms (Lumbricidae) [94–96] and thus can support larger local popula-
tions of Abax parallelepipedus, as they serve as a main food source for the beetles [67,97]. This
highlights the importance of population size in preventing loss of alleles and preventing differ-
entiation due to drift. We found a non-significant negative correlation between allelic richness
and percentage of forest cover of the two kilometers surrounding each plot for Abax parallele-
pipedus in the Schwäbische Alb. The non-significance of this driver in the Schwäbische Alb is
probably due to the extremely low variation in allelic richness found there.
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At first, the direction of one of our results, namely the positive effect of sampling effort in
the Schorfheide-Chorin, seems to contradict general population genetics theory in that lower
local population densities seem to lead to higher genetic diversity. This may be due to the lon-
ger period of time required to gather 33 individuals in plots with lower local population densi-
ties. The longer trapping times potentially enabled individuals from more distant interaction
groups (sensu [98,99]), thus with additional alleles to be sampled. An interaction group is a
micro-scale, sub-plot level population structure that describes a group of individuals that live
in an area small enough to ensure that they are likely to meet for reproductive purposes. As
most individuals will reproduce with a member of their interaction group, members of an
interaction group tend to be more similar genetically to each other than to individuals from far-
ther away. The longer our traps were open, the better our chances to catch individuals from
more distant interaction groups that likely have a slightly different genetic makeup resulting in
an overall higher genetic diversity value. This hypothesis is corroborated by the fact that the
plots with the lowest local population densities have the highest number of private alleles.
The generally low level of allelic richness, as well as the higher variability in the Schorfheide-
Chorin may be explained by the lower local population sizes and densities relative to the
Schwäbische Alb. We attribute this to the higher soil acidity of the Schorfheide-Chorin, which
is known to lead to smaller earthworm populations [100], which serve as a main food source
Fig 2. Comparison of sampling effort and number of individuals caught in previous pitfall trapping.
Comparison of number of days required to catch 33 individuals of Abax parallelepipedus in our live traps and
number of individuals caught in two pitfall traps per plot from April to October 2008 (S1 Text for details). Linear
model shows a significant negative relationship in both regions (closed circles, solid line—Schwäbische Alb:
estimate = -0.014±0.005, p = 0.003; open circles, dashed line—Schorfheide-Chorin: estimate = -0.012±
0.003, p<0.001).
doi:10.1371/journal.pone.0144217.g002
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[67,97] for the beetle. This relationship between soil pH, prey, and population sizes of Abax
parallelepipedus has been reported previously by Jukes et al. [69] and Magura et al. [75]. The
sampling effort needed to trap 33 individuals in the Schorfheide-Chorin was higher than in
the Schwäbische Alb, there were less individuals of A. parallelepipedus, and there was a signifi-
cant correlation between sampling effort and pH in the Schorfheide-Chorin (linear model: esti-
mate = -0.004±0.002, p = 0.045). These local populations with lower density are more
susceptible to genetic drift and other stochastic processes, leading to the loss of alleles.
Conclusions
We found a weak genetic structure in Abax parallelepipedus, a common forest species in a
moderately fragmented landscape that is mainly driven by current rather than historical
parameters. Under such conditions, sufficiently large population sizes and gene flow have so
far either prevented or mitigated genetic effects of historical and current fragmentation.
Although we found no effect of long-term or short-term habitat continuity on genetic diversity
or differentiation, we do not question the conservation value of ancient woodlands and of old
stands. While these properties may not be important drivers of genetic diversity in our study
species and regions, history is an important driver in more fragmented regions such as Flanders
[24,92] and in rarer species such as the lichen Lobaria pulmonaria [25,101]. Ancient wood-
lands and old stands also have importance for conserving species diversity as well as species
that are restricted to these habitats [48,102]. In addition, our results reflect the importance of
micro-scale population structures such as interaction groups, and highlight the need to account
for such structures while examining historical as well as current drivers of genetic population
structure. Finally, we emphasize the importance of a landscape approach to conservation, and
the importance of ensuring proximity of ancient and more recent woodlands in order to allow
both species and individuals with different alleles to effectively colonize new sites.
Supporting Information
S1 Fig. Map of plot numbers and of clustered individuals. (a) Schorfheide-Chorin, (b)
Schwäbische Alb. Individuals in the Schorfheide-Chorin were assigned to the cluster to which
they had larger than a 50% chance of belonging as per STRUCTURE. The pie charts present
the number of individuals sampled from each local population belonging to each of the clus-
ters. Replacing the number of individuals belonging to each cluster with the likelihood of
belonging to each cluster gives a similar pattern. Grey areas are forested (see legend of Fig 1).
Squares indicate named towns and villages. Note that the scales of the maps are different. All
maps were created using ArcGIS ver. 10.1 [43].
(TIF)
S2 Fig. Photograph of Abax parallelepipedus.
(TIF)
S3 Fig. Results of STRUCTURE analysis–Schwäbische Alb. (a) ΔK/K plot, (b) mean likeli-
hood and variance for each K–for K = 1 to K = 47, (c) mean likelihood and variance for each
K–for K = 1 to K = 30, (d) membership probability of individuals for K = 3.
(TIF)
S4 Fig. Results of STRUCTURE analysis–Schorfheide-Chorin. (a) ΔK/K plot, (b) mean like-
lihood and variance for each K–for K = 1 to K = 43, (c) membership probability of individuals
for K = 2.
(TIF)
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S5 Fig. Correlograms of model residuals. Empty circles indicate non-significant values.
(TIF)
S6 Fig. Rarefied allelic richness and important variables–Schwäbische Alb. Relationship
between rarefied allelic richness and proxies of population size and depth of the litter region
for the Schwäbische Alb. Results are similar to those of the reported models (Spearman Rank
Correlation; forested surrounding landscape: rho = -0.169, p = 0.261, sampling effort:
rho = 0.088, p = 0.562, individuals from killing traps: rho = -0.286, p = 0.054, depth of litter
layer: rho = 0.012, p = 0.935).
(TIF)
S7 Fig. Rarefied allelic richness and important variables–Schorfheide-Chorin. Relationship
between rarefied allelic richness and proxies of population size and depth of the litter region
for the Schorfheide-Chorin. Results are similar to those of the reported models (Spearman
Rank Correlation; forested surrounding landscape: rho = 0.048, p = 0.761, sampling effort:
rho = 0.397, p = 0.009, individuals from killing traps: rho = -0.212, p = 0.177, depth of litter
layer: rho = 0.421, p = 0.005).
(TIF)
S1 Table. Maps used to define woodlands as recent or ancient.
(PDF)
S2 Table. Full list of variables used to characterize plots.
(PDF)
S3 Table. Collinearity matrix of continuous predictor variables for variable selection
(Spearman's rho values). Values greater than |0.7| are marked in bold.
(PDF)
S4 Table. Allele frequencies and related indices.
(PDF)
S1 Text. Supplementary methods.
(DOCX)
Acknowledgments
We thank the managers of the two Exploratories, Kirsten Reichel-Jung, Swen Renner, and Mar-
tin Gorke for their work in maintaining the plot and project infrastructure; Christiane Fischer
and Simone Pfeiffer for giving support through the central office, Michael Owonibi for manag-
ing the central data base, and Eduard Linsenmair, Dominik Hessenmöller, Jens Nieschulze,
Daniel Prati, François Buscot, Ernst-Detlef Schulze, and the late Elisabeth Kalko for their role
in setting up the Biodiversity Exploratories project.
We also would like to thank Stefan Michalski for his help with primer development and the
sequencing. Claudia Seilwinder contributed spatial and GIS data. Merle Bauhof, Estève Bou-
taud, Patric Brandt, Ole Cordruwisch, Jan Eggers, and Maraike Wenckstern assisted with the
field work. Estève Boutaud, Evgenia Kononova, Inbal Bistry, and Merle Noack assisted with the
lab work. Andreas Schuldt and Michael Staab assisted with the statistics. Marianne Peters and
Hartmut Meyer were of great organizational assistance. Michael Staab and two anonymous
reviewers gave helpful comments on the manuscript. Ortwin Bleich kindly provided us with
the photograph of Abax parallelepipedus.
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 13 / 18
Author Contributions
Conceived and designed the experiments: TMMFWWWCD TA. Performed the experiments:
TM SB MMG JM IS. Analyzed the data: TM SB CD TA. Contributed reagents/materials/analy-
sis tools: TM SBWD CD TA. Wrote the paper: TM CD TA.
References
1. Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, et al. (2000) Global biodiversity
scenarios for the year 2100. Science 287: 1770–1774. PMID: 10710299
2. van der Heijden MGA, Bardgett RD, van Straalen NM (2008) The unseen majority: soil microbes as
drivers of plant diversity and productivity in terrestrial ecosystems. Ecol Lett 11: 296–310. PMID:
18047587
3. Gibson L, Lee TM, Koh LP, Brook BW, Gardner TA, Barlow J, et al. (2011) Primary forests are irre-
placeable for sustaining tropical biodiversity. Nature 478: 378–381. doi: 10.1038/nature10425 PMID:
21918513
4. Agashe D (2009) The stabilizing effect of intraspecific genetic variation on population dynamics in
novel and ancestral habitats. Am Nat 174: 255–267. doi: 10.1086/600085 PMID: 19519220
5. Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend M (2008) Ecological consequences of
genetic diversity. Ecol Lett 11: 609–623. doi: 10.1111/j.1461-0248.2008.01179.x PMID: 18400018
6. Engelhardt KAM, Lloyd MW, Neel MC (2014) Effects of genetic diversity on conservation and restora-
tion potential at individual, population, and regional scales. Biol Conserv 179: 6–16.
7. AmosW, Harwood J (1998) Factors affecting levels of genetic diversity in natural populations. Philos
Trans R Soc Lond B Biol Sci 353: 177–186. PMID: 9533122
8. Reusch TBH, Ehlers A, Hämmerli A, Worm B (2005) Ecosystem recovery after climatic extremes
enhanced by genotypic diversity. Proc Natl Acad Sci USA 102: 2826–2831. PMID: 15710890
9. Reed DH, FrankhamR (2003) Correlation between fitness and genetic diversity. Conserv Biol 17:
230–237.
10. Altizer S, Harvell D, Friedle E (2003) Rapid evolutionary dynamics and disease threats to biodiversity.
Trends Ecol Evol 18: 589–596.
11. Altermatt F, Ebert D (2008) Genetic diversity of Daphina magna populations enhances resistance to
parasites. Ecol Lett 11: 918–928. doi: 10.1111/j.1461-0248.2008.01203.x PMID: 18479453
12. Gaublomme E, Maebe K, Van Doninck K, Dhuyvetter H, Li X, Desender K, et al. (2013) Loss of
genetic diversity and increased genetic structuring in response to forest area reduction in a ground
dwelling insect: a case study of the flightless carabid beetle Carabus problematicus (Coleoptera, Car-
abidae). Insect Conserv Divers 6: 473–482.
13. Vandepitte K, Jacquemyn H, Roldán-Ruiz I, Honnay O (2007) Landscape genetics of the self-compat-
ible forest herbGeum urbanum: effects of habitat age, fragmentation and local environment. Mol Ecol
16: 4171–4179. PMID: 17784918
14. Cena CJ, Morgan GE, Malette MD, Heath DD (2006) Inbreeding, outbreeding and environmental
effects on genetic diversity in 46 walleye (Sander vitreus) populations. Mol Ecol 15: 303–320. PMID:
16448402
15. Jacquemyn H, Honnay O, Galbusera P, Roldán-Ruiz I (2004) Genetic structure of the forest herb
Primula elatior in a changing landscape. Mol Ecol 13: 211–219. PMID: 14653801
16. Reisch C, Mayer F, Rüther C, Nelle O (2007) Forest history affects genetic diversity—molecular varia-
tion of Dryopteris dilatata (Dryopteridaceae) in ancient and recent forests. Nord J Bot 25: 366–371.
17. Hewitt G (2000) The genetic legacy of the Quaternary ice ages. Nature 405: 907–913. PMID:
10879524
18. Vellend M (2004) Parallel effects of land-use history on species diversity and genetic diversity of forest
herbs. Ecology 85: 3043–3055.
19. Wahbe TR, Ritland C, Bunnell FL, Ritland K (2005) Population genetic structure of tailed frogs (Asca-
phus truei) in clearcut and old-growth stream habitats in south coastal British Columbia. Can J Zool
83: 1460–1468.
20. Peterken GF (1993) Woodland Conservation and Management. London: Chapman & Hall. 374 p.
21. Pott R, Hüppe J (1991) Die Hudelandschaften Nordwestdeutschlands. Münster: Westfälischen
Museum für Naturkunde. 313 p.
22. Desender K (2005) Theory versus reality: a review on the ecological and population genetic effects of
forest fragmentation on wild organisms, with an emphasis on ground beetles. In: Lövei GL, Toft S,
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 14 / 18
editors. Carabidology 2003: Proceedings of the 11th European Carabidologists’Meeting Slagelse,
Denmark: Danish Institute of Agricultural Sciences. pp. 49–72.
23. Desender K, Verdyck P, Gaublomme E, Dhuyvetter H, Rasplus JY (2002) Extreme genetic differentia-
tion and isolation by non-distance inCarabus auronitens in relation to forest historical ecology in Flan-
ders (Belgium). In: Szyszko J, den Boer PJ, Bauer T, editors. How to protect or what we know about
Carabid Beetles: X European Carabidologist Meeting. Warsaw: Warsaw Agricultural University
Press. pp. 227–235.
24. Desender K, Gaublomme E, Dhuyvetter H, Verdyck P (2005) Interaction between regional forest his-
tory, ecology and conservation genetics ofCarabus problematicus in Flanders (Belgium). In: Lövei
GL, Toft S, editors. Carabidology 2003: Proceedings of the 11th European Carabidologists’Meeting
Slagelse, Denmark: Danish Institute of Agricultural Sciences. pp. 73–87.
25. Otálora MG, Martínez I, Belinchón R, Widmer I, Aragón G, Escudero A, et al. (2011) Remnants frag-
ments preserve genetic diversity of the old forest lichen Lobaria pulmonaria in a fragmented Mediterra-
nean mountain forest. Biodivers Conserv 20: 1239–1254.
26. Wang Z, An S, Liu H, Feng J, Zhang F, Leng X (2006) Effect of stand age and management regime on
genetic diversity of Thuidium cymbifolium in western China. Biol Conserv 129: 551–557.
27. CovingtonWW (1981) Changes in forest floor organic matter and nutrient content following clear cut-
ting in northern hardwoods. Ecology 62: 41–48.
28. Gálhidy L, Mihók B, Hagyó A, Rajkai K, Standovár T (2006) Effects of gap size and associated
changes in light and soil moisture on the understorey vegetation of a Hungarian beech forest. Plant
Ecol 183: 133–145.
29. Kohlpaintner M, Huber C, Weis W, Göttlein A (2009) Spatial and temporal variability of nitrate concen-
tration in seepage water under a mature Norway spruce [Picea abies (L.) Karst] stand before and after
clear cut. Plant Soil 314: 285–301.
30. Schmitz MF, Atauri JA, de Pablo CL, de Agar PM, Rescia AJ, Pineda FD (1998) Changes in land use
in Northern Spain: effects of forestry management on soil conservation. For Ecol Manage 109: 137–
150.
31. Flinn KM, Marks PL (2007) Agricultural legacies in forest environments: tree communities, soil proper-
ties, and light availability. Ecol Appl 17: 452–463. PMID: 17489252
32. Koerner W, Dupouey JL, Dambrine E, Benoît M (1997) Influence of past land use on the vegetation
and soils of present day forest in the Vosges mountains, France. J Ecol 85: 351–358.
33. Scribner KT, Arntzen JW, Cruddace N, Oldham RS, Burke T (2001) Environmental correlates of toad
abundance and population genetic diversity. Biol Conserv 98: 201–210.
34. Brouat C, Chevallier H, Meusnier S, Noblecourt T, Rasplus JY (2004) Specialization and habitat: spa-
tial and environmental effects on abundance and genetic diversity of forest generalist and specialist
Carabus species. Mol Ecol 13: 1815–1826. PMID: 15189205
35. Scheidegger C, Bilovitz PO, Werth S, Widmer I, Mayrhofer H (2012) Hitchhiking with forests: popula-
tion genetics of the epiphytic lichen Lobaria pulmonaria in primeval and managed forests in southeast-
ern Europe. Ecol Evol 2: 2223–2240. doi: 10.1002/ece3.341 PMID: 23139881
36. von Oheimb G, Härdtle W, Naumann PS, Westphal C, Assmann T, Meyer H (2008) Long-term effects
of historical heathland farming on soil properties of forest ecosystems. For Ecol Manage 255: 1984–
1993.
37. Lindroth CH (1985/86) The Carabidae (Coleoptera) of Fennoscandia and Denmark. Leiden: Brill.
225 p.
38. Keller I, Nentwig W, Largiadèr CR (2004) Recent habitat fragmentation due to roads can lead to signif-
icant genetic differentiation in an abundant flightless ground beetle. Mol Ecol 13: 2983–2994. PMID:
15367114
39. Chaabane K, Loreau M, Josens G (1996) Individual and population energy budgets of Abax ater
(Coleoptera, Carabidae). Ann Zool Fenn 33: 97–108.
40. Jopp F, Reuter H (2005) Dispersal of carabid beetles—emergence of distribution patterns. Ecol Mod-
ell 186: 389–405.
41. Fischer M, Bossdorf O, Gockel S, Hänsel F, Hemp A, Hessenmöller D, et al. (2010) Implementing
large-scale and long-term functional biodiversity research: The Biodiversity Exploratories. Basic Appl
Ecol 11: 473–485.
42. European Environment Agency (2006) Corine Land Cover 2006 dataset. Available from http://www.
eea.europa.eu/data-and-maps/data/clc-2006-vector-data-version-3.
43. ESRI (2012) ArcGIS Desktop: Release 10.1. Redlands, CA: Environmental Systems Research
Institute.
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 15 / 18
44. Loreau M (1987) Vertical distribution of activity of carabid beetles in a beech forest floor. Pedobiologia
30: 173–178.
45. Huber C, Baumgarten M (2005) Early effects of forest regeneration with selective and small scale
clear-cutting on ground beetles (Coleoptera, Carabidae) in a Norway spruce stand in Southern
Bavaria (Höglwald). Biodivers Conserv 14: 1989–2007.
46. Günther J, Assmann T (2004) Fluctuations of carabid populations inhabiting an ancient woodland
(Coleoptera, Carabidae). Pedobiologia 48: 159–164.
47. Judas M, Dornieden K, Strothmann U (2002) Distribution patterns of carabid beetle species at the
landscape-level. J Biogeogr 29: 491–508.
48. Assmann T (1999) The ground beetle fauna of ancient and recent woodlands in the lowlands of north-
west Germany (Coleoptera, Carabidae). Biodivers Conserv 8: 1499–1517.
49. Desender K, de Bakker D, Versteirt V, de Vos B (2002) A baseline study on forest ground beetle diver-
sity and assemblages in Flanders (Belgium). In: Szyszko J, den Boer P, Bauer T, editors. How to pro-
tect or what we know about Carabid Beetles: X European Carabidologist Meeting. Warsaw: Warsaw
Agricultural University Press. pp. 237–245.
50. Day KR, Marshall S, Heaney C (1993) Associations between forest type and invertebrates: ground
beetle community patterns in a natural oakwood and juxtaposed conifer plantations. Forestry 66: 37–
50.
51. Fahy O, Gormally M (1998) A comparison of plant and carabid beetle communities in an Irish oak
woodland with a nearby conifer plantation and clearfelled site. For Ecol Manage 110: 263–273.
52. Butterfield J, Luff ML, Baines M, Eyre MD (1995) Carabid beetle communities as indicators of conser-
vation potential in upland forests. For Ecol Manage 79: 63–77.
53. Magura T, Tóthmérész B, Bordán Z (2000) Effects of nature management practice on carabid assem-
blages (Coleoptera: Carabidae) in a non-native plantation. Biol Conserv 93: 95–102.
54. Lange M, Türke M, Pašalić E, Boch S, Hessenmöller D, Müller J, et al. (2014) Effects of forest man-
agement on ground-dwelling beetles (Coleoptera; Carabidae, Staphylinidae) in Central Europe are
mainly mediated by changes in forest structure. For Ecol Manage 329: 166–176.
55. Brouwers NC, Newton AC (2009) Movement rates of woodland invertebrates: a systematic review of
empirical evidence. Insect Conserv Divers 2: 10–22.
56. Doyle J (1991) DNA protocols for plants—CTAB total DNA isolation. In: Hewitt GM, Jonston AWB,
Young JPW, editors. Molecular Techniques in Taxonomy. Berlin: Springer. pp. 283–285.
57. Marcus T, Assmann T, DurkaW, Drees C (2013) A suite of multiplexed microsatellite loci for the
ground beetle Abax parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae). Con-
serv Genet Resour 5: 1151–1156.
58. Rousset F (2008) GENEPOP'007: a complete re-implementation of the GENEPOP software for Win-
dows and Linux. Mol Ecol Resour 8: 103–106. doi: 10.1111/j.1471-8286.2007.01931.x PMID:
21585727
59. van Oosterhout C, HutchinsonWF, Wills DPM, Shipley P (2004) MICRO-CHECKER: software for
identifying and correcting genotyping errors in microsatellite data. Mol Ecol Notes 4: 535–538.
60. Goudet J (1995) FSTAT (version 1.2): a computer program to calculate F-statistics. J Hered 86: 485–
486.
61. Goudet J (2001) FSTAT, a program to estimate and test gene diversities and fixation indices (version
2.9.3). Available from http://www2.unil.ch/popgen/softwares/fstat.htm.
62. Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series of programs to perform population
genetics analyses under Linux andWindows. Mol Ecol Resour 10: 564–567. doi: 10.1111/j.1755-
0998.2010.02847.x PMID: 21565059
63. Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using multilocus geno-
type data. Genetics 155: 945–959. PMID: 10835412
64. Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose I (2015) CLUMPAK: a program for
identifying clustering modes and packaging population structure inferences across K. Mol Ecol
Resour. doi: 10.1111/1755-0998.12387
65. Dent E, vonHoldt BM (2012) STRUCTURE HARVESTER: a website and program for visualizing
STRUCTURE output and implementing the Evanno method. Conserv Genet Resour 4:359–361.
66. Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using the soft-
ware STRUCTURE: a simulation study. Mol Ecol 14: 2611–2620. PMID: 15969739
67. Thiele HU (1977) Carabid beetles and their environment. A study on habitat selection by adaptions in
physiology and behaviour. Springer, Berlin. pp. 369.
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 16 / 18
68. Oxbrough A, Irwin S, Kelly TC, O'Halloran J (2010) Ground-dwelling invertebrates in reforested coni-
fer plantations. For Ecol Manage 259: 2111–2121.
69. Jukes MR, Peace AJ, Ferris R (2001) Carabid beetle communities associated with coniferous planta-
tions in Britain: the influence of site, ground vegetation and stand structure. For Ecol Manage 148:
271–286.
70. Martínez A, Iturrondobeitia JC, Goldarazena A (2009) Effects of some ecological variables on carabid
communities in native and non native forests in the Ibaizabal basin (Basque Country: Spain). Annals
of Forest Science 66.
71. Eyre MD, Rushton SP, Luff ML, Telfer MG (2005) Investigating the relationships between the distribu-
tion of British ground beetle species (Coleoptera, Carabidae) and temperature, precipitation and alti-
tude. J Biogeogr 32: 973–983.
72. Gillingham PK, Palmer SCF, Huntley B, Kunin WE, Chipperfield JD, Thomas CD (2012) The relative
importance of climate and habitat in determining the distributions of species at different spatial scales:
a case study with ground beetles in Great Britain. Ecography 35: 831–838.
73. Buse A (1988) Habitat selection and grouping of beetles (Coleoptera). Ecography 11: 241–247.
74. Petit S, Usher MB (1998) Biodiversity in agricultural landscapes: the ground beetle communities of
woody uncultivated habitats. Biodivers Conserv 7: 1549–1561.
75. Magura T, Elek Z, Tothmeresz B (2002) Impacts of non-native spruce reforestation on ground beetles.
Eur J Soil Biol 38: 291–295.
76. Kahl T, Bauhus J (2014) An index of forest management intensity based on assessment of harvested
tree volume, tree species composition and dead wood origin. Nat Conserv 7: 15–27.
77. Magura T, Tóthmérész B, Molnár T (2001) Edge effect on carabid assemblages along forest-grass
transects. Web Ecol 2: 7–13.
78. Hawes C, Stewart AJA, Evans HF (2002) The impact of wood ants (Formica rufa) on the distribution
and abundance of ground beetles (Coleoptera: Carabidae) in a Scots pine plantation. Oecologia 131:
612–619.
79. RackhamO (2003) Ancient Woodland: its history, vegetation and uses in England. Colvend: Castle-
point Press. 624 p.
80. Schall P, Ammer C (2013) How to quantify forest management intensity in Central European forests.
Eur J For Res 132: 379–396.
81. Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. (2013) Collinearity: a review of
methods to deal with it and a simulation study evaluating their performance. Ecography 36: 27–46.
82. Scherber C, Eisenhauer N, Weisser WW, Schmid B, Voigt W, Fischer M, et al. (2010) Bottom-up
effects of plant diversity on multitrophic interactions in a biodiversity experiment. Nature 468: 553–
556. doi: 10.1038/nature09492 PMID: 20981010
83. Paradis E, Claude J, Strimmer K (2004) APE: Analyses of Phylogenetics and Evolution in R language.
Bioinformatics 20: 289–290. PMID: 14734327
84. Bjornstad ON (2013) ncf: Spatial nonparametric covariance functions, available from http://cran.r-
project.org. R package version 1.1–5.
85. Foll M, Gaggiotti O (2006) Identifying the environmental factors that determine the genetic structure of
populations. Genetics 174: 875–891. PMID: 16951078
86. R Development Core Team (2009) R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing.
87. Slatkin M (1977) Gene flow and genetic drift in a species subject to frequent local extinctions. Theor
Popul Biol 12: 253–262. PMID: 601717
88. Loreau M, Nolf CL (1993) Occupation of space by the carabid beetle Abax ater. Acta Oecol 14: 247–
258.
89. Brandmayr P, Pizzolotto R, Colombetta G, Zetto T (2009) In situ extinction of carabid beetles and
community changes in a protected suburban forest during the past century: the "Bosco Farneto" near
Trieste (Italy). J Insect Conserv 13: 231–243.
90. Deuschle J, Glück E (2008) Similarity of ground beetle communities of extensively managed orchards
depending on management regimes. Bull Insectology 61: 73–80.
91. Hermy M, Honnay O, Firbank L, Grashof-Bokdam C, Lawesson JE (1999) An ecological comparison
between ancient and other forest plant species of Europe, and the implications for forest conservation.
Biol Conserv 91: 9–22.
92. Desender K, Gaublomme E, Verdyck P, Dhuyvetter H, De Vos B (2004) Ecology and population
genetics ofCarabus problematicus in Flanders, Belgium: is forest history important? In: Honnay O,
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 17 / 18
Bossuyt B, Verheyen K, Hermy M, editors. Forest Biodiversity: lessons from History for Conservation.
Wallingford: CAB International. pp. 117–128.
93. Keller I, Largiadèr CR (2003) Recent habitat fragmentation caused by major roads leads to reduction
of gene flow and loss of genetic variability in ground beetles. Philos Trans R Soc Lond B Biol Sci 270:
417–423.
94. Phillipson J, Abel R, Steel J, Woodell S (1976) Earthworms and the factors governing their distribution
in an English beechwood. Pedobiologia 16: 258–285.
95. Cuendet G (1984) A comparative study of the earthworm population of four different woodland types
in Wythamwoods, Oxford. Pedobiologia 26: 421–439.
96. Nordström S, Rundgren S (1974) Environmental factors and lumbricid associations in southern Swe-
den. Pedobiologia 14: 1–27.
97. Loreau M (1984) Population density and biomass of Carabidae (Coleoptera) in a forest community.
Pedobiologia 27: 269–278.
98. Franceschini G, Cannavacciuolo M, Burel F (1997) A geostatistical analysis of the spatial distribution
of Abax parallelepipedus (Coleoptera, Carabidae) in a woodlot. Eur J Soil Biol 33: 117–122.
99. den Boer PJ (1981) On the survival of populations in a heterogeneous and variable environment.
Oecologia 50: 39–53.
100. Krück S, Joschko M, Schultz-Sternberg R, Kroschewski B, Tessmann J (2006) A classification
scheme for earthworm populations (Lumbricidae) in cultivated agricultural soils in Brandenburg, Ger-
many. J Plant Nutr Soil Sci 169: 651–660.
101. Jüriado I, Liira J, Csencsics D, Widmer I, Adolf C, Kohv K, et al. (2011) Dispersal ecology of the
endangered woodland lichen Lobaria pulmonaria in managed hemiboreal forest landscape. Biodivers
Conserv 20: 1803–1819.
102. Hermy M, Verheyen K (2007) Legacies of the past in the present-day forest biodiversity: a review of
past land-use effects on forest plant species composition and diversity. Ecol Res 22: 361–371.
Genetic Variability of a Flightless Ground Beetle
PLOS ONE | DOI:10.1371/journal.pone.0144217 December 7, 2015 18 / 18
